Introduction 17
The high frequency of damage seen in the keel bone (a bone extending from the sternum) 18 of laying hens within commercial systems represents one of the greatest welfare problems 19 facing the industry as suggested by the UK`s Farm Animal Welfare Committee (FAWC, 2010 (FAWC, , 20 2013 . Beyond the obvious welfare issue of gross skeletal deformity, concern stems from the 21 likely associated pain indicated by the decreased latency to descend from a perch (Nasr et al., 22 2012a; c, 2014). One type of KBD, keel fractures (KF), also referred to as old breaks, can be 23 defined as breaks in the bone that will typically manifest as a callus around the fracture site after 24 a few days; KF may also involve sharp, unnatural deviations, or bending, of the bone (Wilkins 25 More generally, a broader understanding of the keel, using a comparison of relevant bird 91 phylogenies, could be helpful to establish the morphological capacity of the keel and how 92 modern housing conditions exceed that capacity. It would be useful to assess keel integrity in 93 relation to the functional morphology of diverse avian clades that exhibit significant variation in 94 hindlimb/forelimb modules, keel morphology, flight style, and use of natural perches (Heers 95 and Dial, 2012). It is of prime importance to learn more about development of locomotor and cognitive skills 110 as these contribute towards the ability of hens to navigate within the home system. It is doubtful 111 that the traditional aviary rearing system, where chicks are kept confined to platforms for the first 112 four weeks after which the sides are opened, is the best system to prepare birds for aviary housing 113 showed that 4.5% out of a sample size of 6,212 specimens had sustained and survived bone 148 injuries of which clavicle injuries were the greatest in number, especially in smaller birds, 149
andwere attributed to collisions with solid objects (Tiemeier, 1941). The sample included 45 150 birds in the Phasianidae, the family that includes the chicken, with an incidence rate of 10% in 151 this family. These percentages are far lower than incidence rates of KBD in layer hens, but they 152 do suggest that the escape flight of birds in the Phasianidae (Tobalske and Dial, 2000) may be 153 correlated with bone damage. An alternative explanation, however, is that some damage reported 154 by Tiemeier (1941) was due to gunshot, as many species in the Phasianidae are gamebirds. 155
Recommendation 6 -Investigate genetic capacity to reduce KBD. 156
The role of genetics as a contributing factor in KBD dates back to work by Hyre (1955) 157 who showed that the tendency to develop keel deformities was heritable by successfully 158 selecting for and against KBD over six generations. Even earlier, Warren (1937) showed that 159 crooked keel bones (in comparison to straight keels) had a reduced ash content which he 160 suggested was a causal factor. In considering the scope for genetic selection against KBD, we 161
must first determine what traits should be selected where possibilities include: stronger bones, 162 improved physical ability, and increased docility. Alternatively, as KBD is a relatively complex 163 trait with a number of genetic and environmental factors playing a role, genomic selection 164 should be considered (Fulton, 2012) by carefully monitoring the incidence of KBD in a large 165 population of laying hens and then comparing genomic information of hens with and hens 166 without KBD. One of the strengths of this approach is that it does not target a single factor, e.g.bone strength, but focuses on the actual presence or absence of damage. In theory, the 168 associated mechanism(s) is (are) selected in the process of identifying birds with the desired 169 trait. A challenge with the genomic approach is that it requires a large sampling population 170 (e.g., >5,000) of which a clear KBD phenotype is needed. produce an eggshell each day. Hens can mobilize this calcium partly from their bones, but theyOne way to supply hens with calcium during the night is to give them daytime access to calcium 217 sources with larger particle sizes, such as grit or shells, which will then be digested during the 218 night. Larger particle sizes of calcium has been shown to benefit skeletal health (Cheng and 219
Coon, 1990; Guinotte et al., 1995) including that of the keel (Fleming et al., 1998) , though 220 usage of this technique varies due to multiple factors including damage to feeding equipment 221
and birds selectively eating the larger particles. Thus, there may be a benefit in supplying grit 222 separately, or developing other sources of calcium that help the hens to restore their supplies 223 and prevent bone weakness. Other nutritional changes could involve incorporation of omega-3 224 content into the diet which has been shown to result in reduced fracture incidence (Toscano et in linking the occurrence of fractures with production data, the period in which fractures are 253 seen to most dramatically increase (25 -35 weeks of age) is also the one in which birds are 254 coming off peak of lay, thus a drop in production is expected independent of fractures. 255 Therefore, the predicted falloff in egg production resulting from KBD may be subsumed by the 256 drop in egg production as the hen exits the peak of lay period. 257
As discussed above, quantification of production endpoints and the loss of productivity 258 associated with KBD can be used as a powerful means to assess changes in animal welfare. 259
More so, because concern for animal welfare is not globally consistent (Lopez, 2007) with the 260 strongest interest in Europe and North America, framing the problems of KBD in terms of 261 productivity losses and compromised profit could provide alternative motivations that move 262 towards an ultimate goal of reducing KBD. This particular argument is powerful as it does notdiminish the reality that action on the grounds of compromised welfare is necessary, but rather 264 adds a supplementary dimension that will drive stakeholders to effect change. 265
Interestingly, it is often suggested that KF result from bone that is weakened by the process 266 of demineralization to provide adequate amounts of calcium for egg shell formation. If correct, 267 continued egg production should associate with a decrease in bone strength and an increase in 268 the occurrence of KF. While this appears to be the case for the first 20 weeks of egg production, hens. Further research is needed to determine how this change in fracture occurrence relates to 276 altered bone physiology and egg production during this period. 277
Overall Conclusions 278
Keel bone damage represents a welfare and productivity problem for the laying hen 279 industry and, while achievements have been made in understanding the nature and cause of 280 occurrence, we remain far from resolving the issue. The current paper highlights areas of 281 research that would achieve the goal of reducing KBD, encourage adoption of methods to 282 improve the accuracy and reliability of reporting, and provide technical changes that could be 283 
